Increasing the traction force is a complex problem in the design of railway vehicles; therefore, effective traction systems and algorithms have to be developed. During the traction process, the verification of traction algorithms and control strategies are based on simulations covering all locomotive dynamics. In this article, traction model of a railway vehicle and re-adhesion control method based on simulation approach are investigated to obtain more effective results. The longitudinal dynamic of a railway vehicle having traction system, which comprises two parallel motor groups, each of which has two field-oriented induction motor connected in series, is simulated to examine time-dependent changes in motor stator currents, traction torque, adhesion and resistance forces according to a given speed reference. The interaction between the adhesion force and the slip ratio is established according to the Burckhardt adhesion model, and a modified super-twisting sliding mode slip control is implemented in a computer simulation under various contact conditions so that simulation results approve the presented control method works under the maximum adhesion force. The comparison between the classical and modified version of the proposed control strategy was made to better evaluate the performance of the control system and to better optimize the traction system.
Introduction
Traction control system design requiring wide knowledge about contact mechanics, tribology, power electronics, modeling approaches is a complex procedure. In the traction control studies, the transient response during traction or braking modes, maximum adhesion, slip ratio reduction are analyzed, and simulation over electromechanical model of locomotives is applied. 1 As a result of this study, this model has unstable regimes due to slip and slide. Spiryagin et al. 2 showed what type of modeling complexity level is needed to study the dynamic behavior of heavy locomotive and published traction simulation conclusions of a conventional locomotive with bogie traction control. Simplified models are not able to capture induction motors' powerful ability to compensate the slip of multiple wheelsets mounted in a bogie. An advanced simulation model for the electric traction system includes a model for the induction machine, inverter and its control scheme and a model for the inverter direct current (DC) bus having capacitors and dynamic brake resistors. Vojislav and Branislav 3 investigated the simulated dynamics of a train model including traction system and its parameters in the overload of traction motors and operational regime. Although such an approach has provided an analysis of the behavior of the locomotive traction system along with the various parameters at all operating conditions, no studies have been conducted on the conditions under which the slip phenomenon has taken place. The control of the operational train acceleration is related to the various modes of railway dynamics, such as air drag, traction force, braking limitation, and nonlinear interactions between the wheel and rail. The nonlinear interaction between the wheel and rail has been extensively investigated in the current literature. The trains provide the traction torque from motor to wheels, and the basic motion of the railway vehicle occurs under the adhesion force. 4 In this context, the longitudinal train acceleration control must rely on the nonlinear model of the wheel-rail interaction, but the operational control is difficult due to the parametric uncertainties. The nonlinear wheel-rail interaction, that is, the adhesion force, which is less than the traction force, causes slip or slide phenomenon, and it is necessary to develop an efficient slip control algorithm to suppress this situation. This problem in the operational control of the train has been specifically investigated in terms of energy efficiency. 5 Optimal control strategies have been proposed to provide a compromise analysis between train travel time and energy expenditure. 6 Su et al. 7 have argued an optimal control problem for train operation and developed a numerical algorithm that uses the analytical features of the solution. However, in this study, the nonlinear states of the wheel-rail contact have not been dealt with adequately.
The fuzzy logic-based control algorithm for the control of this class of nonlinear model has also been investigated in the literature. Fuzzy logic-based control methods take the derivative of the slip ratio or the adhesion force as control signal. One of the example rules is if the slip ratio and the derivative of slip ratio is positive large, the torque compensation should be positive large. This rule has two inputs (the slip ratio and the derivative of slip ratio) and one output (torque compensation value). Each of these signals is defined as a membership function. This function indicates the degree of the slip ratio. These language rules are important when accessing to the measured data is limited. The reason for this is that it often contains information that is not included in numerical values. The ideal fuzzy logic slip optimizer controller works in theory, but it cannot actually be applied because the adhesion force is not measurable. Also, the fuzzy logic rules used are not suitable for constructing a fast and accurate slip optimization controller. A robust fuzzy logic control structure has been developed and integrated with the adhesion observer. To determine the current position in the slip curve, it is necessary to know how the changes in the adhesion force and the derivative of the slip ratio can be used. A design method for second-order system that ensures the stability of an adaptive fuzzy controller with state feedback has been proposed. A state feedback adaptive fuzzy controller has been integrated to a nonlinear reference model, which determines the desired response of the closed-loop system. 8 A fuzzy dynamic output feedback control scheme for Takagi-Sugeno fuzzy systems with time-varying input delay has been validated by an example of control for active suspension systems for different road conditions. 9 The adaptive fuzzy tracking control design problem for multi-input and multi-output uncertain switched non-strict feedback nonlinear systems with arbitrary switchings has also been investigated. The stability of the fuzzy control system under arbitrary switchings was proven based on the Lyapunov function method. 10 A nonlinear plant was described by a discrete-time T-S fuzzy affine model with parametric uncertainties. 11 The disadvantage of these methods is that they rely on numerical or measured values to built system models. One of the biggest advantages of fuzzy logic-based algorithms is that it contains the language rules of expert systems and how to design the slip control system together with it.
The sliding mode control algorithm proposed in this article is dependent on the measurable states. However, when the state variables are partially measurable, it would be more interesting to design the output feedback-based sliding mode controller. Output feedback nonlinear control was proposed for position tracking in the electro-hydraulic system, and a highgain observer, which was utilized to attenuate the effect of the nonlinear terms, was designed to estimate states. 12 Output feedback-based control can be applied for the existence of nonlinearities and perturbations in the system. In the study of Rath et al., 13 the states of the system were estimated using a high-gain observer, and a control scheme based on the integral sliding mode backstepping design was formulated to design the output feedback control.
A modified super-twisting algorithm with inner feedback is designed to reduce the overshoot of sliding variable and to improve the convergence by the damping effect of the inner feedback. The stability and effectiveness of this algorithm with adaptive gain are validated by the experiments on DC servo system in the study of Yang et al. 14 
Moreno and Osoiro
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proposed quadratic-like Lyapunov functions for a special case of second-order sliding mode controller, the super-twisting sliding mode controller, which can balance a system to a proximity of the origin faster than original one. This article discusses the modeling of a railway electric traction system, especially the interaction between the rail and the wheels that take into account of the slip at this contact. A sliding mode control based on the modified super-twisting algorithm is applied to keep the train at the optimal adhesion point under the variable wheelrail contact conditions of the train. The railway vehicle is driven by 120-kW induction motors with a 750-V DC bus voltage, which are controlled using fieldoriented control (FOC) method with indirect vector control scheme. Each wagon has four traction motors, three bogies and two wheelsets in each bogie. Each traction motor was put on each wheelset in the front and rear bogies. The control of the induction machine is based on an estimation of the slip that enables to optimize the traction force. The first part focuses on the traction load model in detail. The power unit of the traction system was designed in the second part, and control method was explained in the third part; then, the performance of the proposed control strategy was illustrated by comparing the modified and classical version of the controller in the last part.
Traction load model
In this study, the train has three bogies and two wheelsets in each bogie. Each wheelset has a brake disk, and the wheelsets in the front and rear bogies have asynchronous traction motors. Traction loads come from sub-models that define train and wheel dynamics. The tractive force F t applied by the wheel is defined in equation (1)
where F N is the normal force acting on a single wheel and is defined as
The components of normal force are listed in Table 1 . The coefficient of adhesion m a (l, V), which is the most complicated variable in the model, is expressed as a nonlinear function of slip ratio, longitudinal velocity of the train and surface conditions (oil, humidity, roughness, etc.). The connection among the adhesion coefficient and slip ratio can be evaluated by utilizing Burckhardt model 16 in equation (2) as
a 1 , a 2 , a 3 , a 4 are parameters, which characterize this model, and V is the forward vehicle speed. These parameters can be found by matching from experimental results. a 4 can be selected as zero to make it independent from speed effect. Wheel-rail adhesion models are algebraic adhesion force/slip ratio relations. Memoryless maps are established among the adhesion force and the longitudinal slip ratio. 17 The slip ratio of a train (l) is defined in equation (3) as
where v w is wheel angular speed, r 0 is the wheel's effective rolling radius. The present model includes four different adhesion-slip characteristic curves given in Figure 1 , corresponding to dry, wet, low and very low wheel-rail interface. Vehicle wheels and traction motor coupling dynamics are expressed in equation (4) in the form of rotational mass inertia, load torque and viscous friction losses
where T m is the motor torque, T L is the load torque (r 0 F t )=(n g :l), B m is the coefficient of the viscous torque friction, J eqv is the motor equivalent moment of inertia, which is given as
where J m = 1=2m r (r r ) 2 l is the total motor inertia, J w = m w r 2 0 nm is the whole right and left wheel inertia, m r is the motor mass, r r is the rotor shaft radius, J g is the gear inertia, J br is the brake system inertia, J x is the wheelset axle inertia and n g is the gear reduction ratio.
The equation of motion of the train is represented by a first-order differential equation in equation (5) as m dyn is the train total effective mass and given as
where h is the gear efficiency, and F R is the sum of resistance forces acting opposite to the railway operation. The resistance forces are divided into three classes, propulsion resistance, gradient resistance and curve resistance, and they are represented in equation (6) 
where F grad is the gravity force acting on the train, F crv is the curve resistance. The propulsion resistance F P is expressed as the nonlinear function of the longitudinal velocity of the train as the sum of the aerodynamic and rolling resistance. 18 It is generally preferred to use the second-order form of the Davis equation in equation (7) F P = a + bV + cV 2 ð7Þ where a, b and c are drag coefficients. The gradient force is opposite to the vehicle speed when the vehicle is moving uphill, and the same way as the vehicle speed when the vehicle is moving downhill. The mathematical expression of the gradient force is shown in equation (8) , where f g is the gradient
The curve resistance force is caused by friction among the wheel and the rail as the railway vehicle moves along the curve. It is described as an empirical formula 19 in equation (9) F crv = 0:0772V 2 F N nm
where R y is the curved track radius. The unit of the vehicle speed V is expressed as km/h. Full-load model is shown in Figure 2 . Wheel and train dynamics are represented by a multi-cycle feedback system. The inputs of the model are motor torque and adhesion characteristics. The model outputs are train speed, traction force and wheel speed. The speed of the wheel and the train is related to the coefficient of adhesion. If the torque demand requires more adhesion than is available, the wheel starts to run out of control. 20 
Traction motor model
When the traction control is made using induction machines, direct torque control (DTC) or FOC methodologies are applied. For DTC or FOC control methods, the induction machine is built using the d-q axis model. 21 The traction drive control calculates the power converter references so that the variable speed values of the induction motor can be obtained. In this article, FOC method was utilized. The field orientation principle aligns the stator current vector fed to the machine with the rotor flux vector so that the rotor flux vector falls completely on the d-axis; so the following mathematical constraint appears, c To compensate for the speed error when the motor is in the unloaded state, an additional expression of the integral of the speed error should be added
The reference torque value is obtained by applying the speed error proportional-integral (PI) type control. The reference current is obtained using the reference moment expression as As the motor speed increases, the rotor flux decreases. The modification of the rotor flux reference to keep the current at the optimal value has been done in the study of Huang and Liaw. 24 To utilize the maximum output from the inverter, the stator voltage is kept at the maximum value This method is simple in terms of implementation compared to the direct vector control method. The produced reference value depends on the motor parameters, especially the rotor circuit time constant. The rotor frequency is influential on the resistance and inductance involved in the rotor time constant. As the frequency increases, the rotor resistance increases while the inductance decreases. The rotor frequency which causes this change is affected both by the stator frequency and the motor load. Another problem is the integration process used to obtain the conversion angle, which takes a long time, especially at low speeds. This method is not suitable for sensorless control because the motor speed and position must be measured. Motor current regulators generate voltage references for three-phase voltages. These references are utilized to construct pulses with devices of a two-level inverter utilizing the sinusoidal pulse width modulation (SPWM) scheme. 26 Voltage source gate-turn off thyristors (GTOs) are used as traction inverters. DC bus voltages for traction systems vary up to 3 kV, and switching frequencies exceed 500 Hz. The drive inverter model with full switching behavior is used to study the electrical losses in inverters and traction machines. Simulations are conducted at very small time intervals, usually less than 100 ms. 27 
Super-twisting sliding mode adhesion controller
The aim of the conventional sliding mode controllers is to mobilize the states of the system into sliding surfaces s = 0. Second-order sliding mode controller targets s = _ s = 0. The system states converge to zero in the phase space of s À _ s. The super-twisting algorithm is developed for systems that their relative degrees are one to prevent chattering in variable structure systems. The state trajectory of the s À _ s plane twists and converges to the origin of the phase plane. 28 A dynamic equation is stated as
where u is the controller and d(t) is the external disturbance, which it is continuously differentiable. A sliding mode controller proposed by Davila et al. 29 is given as The modified super-twisting sliding mode algorithm was utilized in this article The minimum value of the a must be 0.5; then, if a takes 0.5, from the condition proposed, the minimum value of the b becomes zero. Specifically, when 1 . a . 0:5, the modified super-twisting algorithm converges faster than the classical one. a and b values can be selected heuristically, and due to the condition of a and b not to exceed 1, the b value must be restricted as well.
Under the various wheel-rail contacts, there is no possibility of obtaining all the adhesion-slip relations. In real-time applications, the adhesion pattern and optimal slip ratio are unknown. Therefore, the optimal search algorithm needs to be designed in order to estimate the value of the optimal slip ratio. According to the characteristic, which was described in Figure 1 , if one knows that ∂m a =∂l . 0 while l \ l Ã , ∂m a =∂l \ 0 while l . l Ã , ∂m a =∂l ' 0 while l ' l Ã . Therefore, l = 0, if and only ifl = l Ã . The proposed estimator of optimal slip ratio l Ã is given by
where g . 0 is adaptable parameter, t k is the switching point in which the values of the estimated slip ratiol are switched to the current value of l
e is a small threshold value in order to avoid numerical drawbacks.
Based on the estimatel of l Ã , estimation error can be described asê(t) = ((v w r 0 À V=V) Àl)V=r 0 .
For the estimated valuel, the term x(t) demands the information of m a : and _ l, which can be retrieved using second-order sliding mode observer. Sliding mode observer method has been explained in detail in the literature. 29 A robust high-order sliding mode algorithm, which combines the advantages of the modified super-twisting algorithm with an adaptive controller, has been applied for a quarter car nonlinear active suspension system. The convergence of the sliding dynamics in finite time and the robustness of the system were proven for a class of linearly growing perturbations with unknown upper bounds that induce the system dynamics. 31 A modified super-twisting sliding mode controllers are robust and effective even under external disturbances. This kind of controllers attenuates the chattering phenomenon which is an implicit property in the control algorithm 32 and also handles the overestimation of matched uncertainty. The dynamic behavior of the sliding variable can be readjusted effectively. The stability of the modified super-twisting algorithm was also guaranteed in a various applications. 14 The observer can be constructed independently from the controller information. The finite-time stability of this algorithm is proven using the Lyapunov method. Applying this controller to nonlinear indeterminate systems leads to a smooth control signal and improves the overall performance of the system without the need to estimate uncertainties. The designed control method approaches faster than classical supertwisting algorithm. 33 
Simulation results
The simulation block diagram including the entire traction system behavior was designed to analyze the dynamic of the traction system in MATLAB Simulink. Transient responses representing the attitude of the traction system between 0 and 270 s are represented. The simulation was run with a ode4 (Runge-Kutta) fixed-step solver. The fixed-step size is 1e
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. The electrical, mechanical and control parameters utilized in simulation are shown in Table 3 .
The railway vehicle moves in a curved track (R y = 60 m) from t = 145 to 165 s. At t = 165-200 s, the vehicle is climbing & 2 slope with a full load. Initial states of the railway vehicle velocity and wheel angular velocity are selected as v w, k (0) = 50 rad=s and V(0) = 10:5 m=s. The adhesion conditions differs from dry to wet in 100 s, and from wet to low in 150 s, from low to very low in 200 s. Reference vehicle speed, actual vehicle speed and wheel speed trajectories are represented in Figure 3 .
Another simulation (the railway vehicle moves in a curved track (R y = 1600 m) from t = 145-165 s. At t = 165-200 s, the vehicle is climbing & 15 slope with a full load) was conducted to see the difference response of the system. Reference vehicle speed, actual vehicle speed and wheel speed trajectories are depicted in Figure 4 for second simulation case
The difference between the actual speed vehicle and the wheel speed is less when compared to the first simulation case at t = 165-200 s.
In Figure 5 , the time history of the traction force curve was represented. Traction force curve includes the adhesion force, traction force and total resistance forces.
The available adhesion converges to a proximity of the maximum adhesion value for the dry interface in the initial acceleration state, then it rapidly collapses to the safe region in the ''wet-low-very low'' adhesion states and converges to the maximum adhesion level of this adhesion-slip function. By utilizing re-adhesion control, the adhesion coefficient preserves safety and shows high traction ability satisfied by available adhesion. The adhesion coefficient trajectory is depicted in Figure 6 .
The adhesion coefficient decreases suddenly and wheel slip emerges due the variation of the track conditions, dry to wet at t = 100 s and wet to low at t = 150 s, low to very low at t = 200 s, respectively. The wheel moves higher than the vehicle speed, and the slip velocity evolves from the stability limit to unstable area gradually. Then, the wheel slip is identified, and the slip control algorithm sets the traction motor torque to attenuate the wheel slip and drives the train at optimal slip velocity. The traction motor torque was also decreased while the unwanted part of the slip is being suppressed. The trajectories of the actual slip ratio versus optimal slip ratio and estimated slip ratio are shown in Figure 7 (a) for classical control method and in Figure 7 (b) for modified control method. The actual slip ratio can precisely track the optimal slip ratio through the adhesion characteristic map. The variations of the motor stator currents in d-q axis and load torque are shown in Figure 8 .
This kind of motion simulation has been developed so that the adaptation of the railway vehicle dynamics to different wheel-rail contact conditions and various resistance loads can be tested. The electromechanical traction model allows the selection of the appropriate traction motor and the determination of body forces acting on a train. Thanks to these simulations; it has been shown that the traction force which varies with respect to the vehicle speed, acceleration, vehicle load dynamics, slip and wheel-rail contact performs well. A modified super-twisting sliding mode control algorithm has been developed for optimal utilization of adhesion force. The model is used to determine the most suitable traction parameters for locomotives.
Conclusion
A movement simulation has been conducted so that the railway vehicle is examined under changing wheel-rail contact and load conditions. This simulation includes train dynamics under changing load resistances and wheel-rail interface level. The designed electromechanical traction model exhibits an essential role in evaluating the body forces operating on a railway vehicle and in identifying the appropriate traction motor. The operating points related to the traction force curves change with vehicle speed, acceleration, load, slip ratio and mechanics occurring at wheel-rail interface. At the same time, a suitable control strategy was applied for optimal utilization of adhesion force. To accomplish such a goal, an enhanced control scheme was designed by varying the parameters of the super-twisting algorithm. Traction motor torques of the train are also controlled to provide optimal adhesion for dry, wet, low and very low levels, respectively. The represented computer simulation results provide an advanced algorithm to obtain a result that can be utilized to describe the general and structural properties of electromechanical systems with related design modes. A comparison of the two re-adhesion control strategies, one of which is robust adaptive and the other of which is the modified super-twisting sliding mode, will be presented, and the proposed control algorithms will be validated on a roller rig-based test system for future works.
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